We have isolated maize cDNAs encoding three manganese-containing superoxide dismutases (MnSODs) distinct from the one previously reported. 
radical (OH-). Their production in aerobic organisms can result in the peroxidation ofmembrane lipids (1), DNA strand breakage (2), and inactivation of enzymes (3). Aerobic organisms have evolved both enzymatic and nonenzymatic antioxidant defense systems to minimize the deleterious effects ofoxidative stress. Superoxide dismutase (SOD) and catalase are two such important antioxidant enzymes. SOD (superoxide oxidoreductase; EC 1.15.1.1) catalyzes the dismutation of two superoxide radicals into oxygen and hydrogen peroxide. Catalase (H202:H202 oxidoreductase, EC 1.11.1.6) catalyzes the reduction of hydrogen peroxide into oxygen and water. SOD and catalase act in concert to prevent cellular damage by removing the superoxide and hydrogen peroxide generated during electron transport and other processes.
In maize, it was reported that at least six SOD isozymes are coded for by six nonallelic nuclear genes: Sodi, Sod2, Sod3.1 (previously referred to as Sod3), Sod4, Sod4A, and Sod5 (4-6). The cytosolic isozymes, SOD-2, SOD-4, SOD-4A, and SOD-5, and the chloroplast-associated SOD-1 are copperand zinc-containing homodimeric enzymes. SOD-3, the mitochondria-associated isozyme, is a manganese-containing tetrameric enzyme (4, 7). The maize SOD-3 protein encoded by the Sod3.1 gene is synthesized on cytosolic polyribosomes as a precursor with a cleavable presequence of 31 aa at the amino terminus (8). Import studies using deletion mutants in the maize SOD-3 transit peptide have verified that the initial portion (about 9 aa) of the maize SOD-3 transit peptide is required to direct the protein into the yeast mitochondrial
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matrix in vivo (9) and into isolated maize mitochondria in vitro (10).
The role of SOD in protecting cells against the toxic, often lethal effects of oxygen free radicals has been studied in various organisms (11). Expression of one of the maize MnSOD genes (Sod3.1) in a MnSOD-deficient yeast mutant rendered the transformed yeast cells resistant to paraquatinduced oxidative stress (9). In maize, the MnSOD transcripts increase in embryos treated with the fungal toxin cercosporin (12) or abscisic acid and high osmoticum (unpublished data). MnSOD from Nicotiana plumbaginifolia is induced by ethylene, salicylic acid, and Pseudomonas syringae infection (13). Overexpression of the pea chloroplast Cu/ZnSOD in transgenic tobacco increased resistance to oxidative stress (14). These findings confirm that SODs play a significant role in preventing cellular damage caused by oxygen free radicals.
We have isolated three more cDNAs ofmaize Sod3 genes. ACTCTGAAAGGGCCG-3') was used as the Sod3.2-specific probe. The nucleotide homology between Sod3.3 and Sod3.4 is extremely high; therefore, it is impossible to find DNA fragments that could be exclusively used as gene-specific probes for each of them. We used, however, the oligodeoxynucleotide (5'-GTGCGTATGCGGAGTGTGTG-3') localized in the 5' end of the untranslated regions of Sod3.3 and Sod3.4. These two Sod3 transcripts can be distinguished because they differ in size (0.87 kb for Sod3.3 and 1.02 kb for Sod3.4). The position of each Sod3 probe is underlined in Fig. 2 .
RNA Preparation and RNA Blot Analysis. W64A seeds were soaked for 10 min in 1% NaOCl and then in deionized water for %24 hr. Imbibed seeds were germinated in the dark on moistened germination paper (Kimpak, Chicago) at 25°C. The scutella were excised from seedlings on day 1 to day 10 postimbibition (dpi) and stored at -70°C for RNA preparations. Maize kernels were collected from field-grown W64A plants at 13-37 dpp. Scutella with embryo axes were dissected from the kernels and stored at -70°C until needed. The following W64A tissue samples were collected for RNA preparation: root, stem, anther, mature tassel, young tassel, mature leaf, young leaf, silk, and husk. Total RNA from each sample was isolated by cold phenol extraction (17). Total RNA (20 ,ug per lane) was electrophoresed in denaturing 1.6% agarose gels and blotted onto nitrocellulose filters. Blots were sequentially probed with probes for Sod3.1, Sod3.2, and Sod3.3/Sod3.4 which were labeled at the 5' terminus with T4 polynucleotide kinase. Genomic DNA Blot Analysis. Genomic DNA was isolated from W64A leaves (18). DNA (10 ,g) was digested with EcoRI or BamHI restriction enzyme, electrophoresed in a 0.8% agarose gels, and transferred onto nitrocellulose. After the filter was hybridized with the 32P-labeled full-length Sod3.1 DNA fragment at 65°C for 20 hr, it was washed four times with 0.1 x standard saline citrate/0. 1% SDS at 65°C for 30 min and visualized by autoradiography.
RESULTS
Maize MnSOD (Sod3) Genes Constitute a Multigene Family. Multiple bands can be detected under high hybridization and washing stringencies when DNA blots of maize genomic DNA are probed with 32P-labeled full-length maize Sod3.1 cDNA (Fig. 1) . In this report, we demonstrate the existence of multiple distinct maize Sod3 cDNAs. Taken together, these results confirm that maize MnSODs are encoded by a multigene family. This genome organization provides the basis for an explanation of the differential expression of the maize MnSOD genes during development.
Isolation and Characterization of Three More MnSOD (Sod3) cDNAs. A maize MnSOD cDNA was previously cloned and has been published as Sod3 (6). Three distinct maize MnSOD cDNAs were isolated from a newly constructed cDNA library (see Materials and Methods). For the sake of consistency the MnSOD sequences will be referred to as Sod3.1 (previously published Sod3), Sod3.2, Sod3.3, and Sod3.4. The maize MnSOD cDNAs show a high degree of sequence homology in the coding regions and vary in the noncoding regions (5' and/or 3' untranslated sequences) ( 818). An additional 154 nt are found at the 3' untranslated end of Sod3.2. The deduced amino acid sequences verify that the proteins encoded by the Sod3.2, Sod3.3, and Sod3.4 cDNA contain a mitochondrial transit peptide (29 aa) with the first 9 aa being identical (Fig. 2B ). These 9 aa have been shown to be necessary to target the maize pre-SOD-3 into the yeast mitochondrial matrix in vivo (9) and into isolated maize mitochondria in vitro (10). These data suggest that the SOD-3 proteins encoded by these cDNA clones are all mitochondriaassociated MnSODs.
Tissue-Specific Expression of the Maize So3 Genes. Expression of the maize MnSOD genes in various tissues was examined by RNA blot analysis in which the same filter was sequentially blotted with the various Sod3 gene-specific probes (Fig. 3) . The Sod3.1 transcript was detected in the tissues examined, but there was great variation in its steadystate level (Fig. 3A) . Scutella of 4-dpi seedlings had the highest levels of Sod3.1 transcript. Husk, silk, and stem showed higher levels of the transcript, followed by root and scutella from 27 dpp kernels. Sod3.1 transcript was barely detected in young leaf and mature leaf (Fig. 3A) . The minor differences in Sod3.1 transcript seen in anther, young tassel, and mature tassel were due to loading variation. When the same blot was hybridized with the Sod3.2-specific probe, the Sod3.2 transcript was detected only in the scutella from 4-dpi seedlings and 27-dpp kernels (Fig. 3B) . The Sod3.3 transcript was detected in the scutella from 27-dpp kernels (Fig. 3C) , while the Sod3.4 transcript was found mainly in the scutella from 4-dpi seedlings, with low levels of the transcript detected in scutella at 27 dpp (Fig. 3C) 
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. scripts accumulated in scutella during germination (Fig. 4) . Sod3.2 transcript was first detected in scuteila at 2 dpi, increased dramatically by 3 dpi, and thereafter decreased slightly by 10 dpi (Fig. 4B) . The accumulation pattern of Sod3.1 and Sod3.4 transcripts was similar to that of Sod3.2 (Fig. 4 A and C) . Trace amounts of the Sod3.3 transcript were detected in scutella from 3 to 9 dpi (Fig. 4C) . The maize Sod3 transcripts were not detected in scutella at 1 dpi and were differentially accumulated in the scutellum during early sporophytic development.
Accumulation of Maize Sod3 Transcripts in Embryos During Kernel Development. RNA blot analysis indicated that all Sod3 transcripts accumulated in embryos during embryogenesis (Fig. 5) . The Sod3.1 transcript was detected at 13 dpp and the level remained constant from 13 to 23 dpp (Fig. SA) . The Sod3.1 transcript decreased dramatically at 29 dpp and was not detected from 35 to 37 dpp (Fig. SA) . Sod3.2 transcript levels remained fairly constant from 13 to 37 dpp (Fig. SB) . Levels of the Sod3.4 transcript were low before 15 dpp, increased at 19 dpp, and remained constant from 21 to 37 dpp (Fig. SC) . Interestingly, the Sod3.3 transcript, which was barely detected in scutella during germination, was primarily accumulated in the maturing embryos (Fig. SC) . Low levels of Sod3.3 transcript were detected at 13 and 15 dpp, and it accumulated dramatically from 19 to 37 dpp (Fig. SC) and 27 dpp embryos (lane 11). Total RNA samples (20 ,ug) were electrophoresed in a denaturing 1.6% agarose gel and blotted onto a nitrocellulose filter. The same blot was sequentially hybridized with the gene-specific probes for Sod3.1 (A), Sod3.2 (B), Sod3.3/Sod3.4 (C), and pHA2 containing an 18S ribosomal sequence as a control (D).
MnSOD mRNAs generated by distinct genes. Molecular analysis of the maize Sod3 cDNAs reveals that there are at least four Sod3 genes in the maize genome, Sod3.1, Sod3.2, Sod3.3, and Sod3.4. The maize MnSOD cDNAs share significant coding sequence homology but differ in the 5' and 3' noncoding regions. A region of 154 nt was only found in the 3' nontranslated region of Sod3.2. The nucleotide sequences of Sod3.3 and Sod3.4 are nearly identical in both their coding and their 5' and 3' noncoding regions. Thus, unique DNA fragments for gene-specific probes could not be designed. The sizes of the two transcripts, however, are different in vivo due to the consistent and reproducible presence of a longer poly(A) tail on Sod3.4. By using a common oligonucleotide probe it was possible to distinguish the two mRNAs on the basis of size (see Materials and Methods). The two transcripts generated by these two distinct genes also differ in the number of an AGCG repeated motif within their 5' nontranslated leader sequence (four in Sod3.3 and five in Sod3.4). The different length of poly(A) tails in these two transcripts may be a reflection of dissimilar stability of the mRNAs in different tissues in vivo.
Accumulation of the Maize MnSOD Transcripts Is TissueSpecific. The various Sod3 genes are tissue-specific in their expression in maize, except for Sod3.1, which is variably expressed in all the tissues examined. These observations suggest that the SOD-3 protein readily detected by zymogram 5 . Differential accumulation of Sod3 transcripts in maize embryos during kernel development. W64A kernels were collected from field-grown plants at ug) from the dissected embryos (scutella plus axes) were electrophoresed in a denaturing 1.6% agarose gel and then blotted onto a nitrocellulose filter. The same blot was sequentially hybridized with the Sod3.1 (A), Sod3.2 (B), Sod3.3/Sod3.4 (C), and pHA2 probes.
analyses may be encoded mostly by Sod3.1 (23). The transcripts of Sod3.2 and Sod3.4 have been shown to be present in scutella of both developing and germinating maize embryos. The Sod3.3 transcript can be predominantly detected in the scutella of developing maize embryos. This tissuespecific expression of the Sod3 multigenes may specifically be associated with mitochondrial biogenesis and specific respiratory demands in the different tissues during plant growth and development.
Mitochondrial Metabolism and Expression of the Nuclear MnSOD Genes in Scutelia During Maize Germination. During germination, the growth rate of the embryonic axis increases dramatically, and massive amounts of energy and nutrients are required. It is assumed that the digestion and mobilization of the storage macromolecules in the scutellum are energyrequiring processes; therefore, more ATP must be generated by the mitochondria. The production of superoxide radicals is rigorously coupled with the rate of mitochondrial respiration. The rapid increase in oxygen and respiratory activity results in the increased production of superoxide inside the mitochondria. The pattern of MnSOD RNA accumulation in the scutella ofgerminating maize seedlings coincides with the increase in mitochondrial respiratory activity during germination. RNA blot analysis showed that levels of the maize Sod3 transcripts increased dramatically in scutella from 3 to 10 dpi. Since the scutellum is a terminally differentiated storage tissue, this increase in Sod3 transcripts reflects increases in cellular metabolism and is not due to cell division or differentiation. Even though MnSOD transcripts cannot be detected in scutella of 1-dpi seedlings, previous studies showed that active SOD-3 is present in maize scutella at this time (7). This suggests that the MnSOD detected must be a preexisting protein inside the mitochondria. Resumption of respiratory activity during the early stages ofgermination has been shown to depend on cytochrome-c oxidase and ATPase that were conserved in the quiescent maize embryo rather than on newly synthesized or assembled enzyme complexes (24). We believe that superoxide generated at the early stages of germination (at least the first 24 hr) similarly is scavenged by residual SOD-3 present in the mitochondria of dry seeds.
Our present results imply that expression of the nuclear MnSOD genes in maize is influenced by mitochondrial activity. It Developmental Expression of the Maize MnSOD Genes During Embryogenesis. An interesting observation in this study is that accumulation of the Sod3.3 transcript has the characteristics of Lea (Late embryogenesis abundant) genes in maize and coincides with the advent of dehydration. Desiccation causes an increase in lipid peroxidation and production of activated oxygen free radicals in maize (28). These products of lipid peroxidation may induce oxidative stress in planta. Loss of desiccation tolerance appears to be associated with a decline in SOD and peroxidase activities (28). In addition, abscisic acid and the antioxidant SODs are both components of plant tolerance to some environmental stresses, such as water stress (29). Abscisic acid-mediated increases in the steady-state level of the Sod3.3 transcript have been seen in scutella of developing maize embryos (unpublished data). Therefore, we propose that the SOD-3 isozyme encoded by Sod3.3 may have protective role(s) that enable the embryo to acquire desiccation tolerance during late embryogenesis.
Three other maize Sod3 transcripts also accumulate in scutella during maize embryogenesis. It is conceivable that mitochondrial biogenesis and respiration may be very active during seed maturation. Therefore, these physiological processes may produce more superoxide free radicals in the various parts of mitochondria. It is possible that a single SOD-3 isozyme may not be sufficient to prevent cellular damage from the increased oxidative stress and that all SOD-3 isozymes may be necessary to provide comprehensive protection.
Possible Implications of Multiple MnSODs Within Maize Mitochondria. All of the cloned maize Sod3 cDNAs encode highly homologous but distinct MnSOD proteins. Structural analysis shows that all maize MnSODs have the following characteristics: (i) a mitochondrial transit peptide and matrixtargeting sequences (the first 9 aa in the transit peptide); (ii) four conserved Mn ion ligand sites (His26, His2B, Asp163, and His'67), and (iii) five residues (Gly75, Gly76, Phe84, Gln146, and Asp147) that are present only in MnSOD and absent from FeSOD. These structural characteristics indicate that maize has multiple forms of MnSOD associated with its mitochondria. Multiple maize Sod3 transcripts have been detected in other maize lines (unpublished data), indicating that this phenomenon is not line-specific. We know little about why maize has multiple forms of MnSOD in its mitochondria in vivo. During evolution, the increased concentration of intramitochondrial superoxide in aerobic organisms may have rendered additional MnSOD an advantage for natural selection. Therefore, random duplications of the maize MnSOD genes were maintained. Some of the-Sod3 gene copies may be required to produce large amounts of MnSOD isozymes under oxidative stress to provide adequate protection, whereas other genes are differentially and spatially expressed during development and in response to different physiological stresses. It is also possible that some of the maize MnSOD isozymes may occupy different specific locations inside mitochondria to provide efficient protection from specific environmental stresses.
